1. Introduction {#sec1}
===============

Grape cultivation is practised worldwide, according to the Statistics department of the [@bib19]. In 2017 the vineyard area destined for the production of wine grapes, table grapes, or dried grapes was 7.5 million hectares, 14% of which were in Spain, 11% in China, 10% in France, 9% in Italy, 7% in Turkey, and about the 50% in the rest of the world.

According to the same report, the mean total grape production in the world in the 2012--2016 period was 75 million tonnes, of which 50% was wine grape and 50% was fresh and dried grape.

According to [@bib28] and [@bib29], after the wine process the percentage of fresh grape marc is approximately 13--27% of the grapes, depending on the cultivar (because of different solid-liquid ratios), the type of machine used to press the grapes, and the maximum pressure reached. Considering these data, millions of tonnes of marc are produced annually in the world.

Fresh grape marc consists of a mixture of approximately 16.7% grape seeds, 72.2% skins, and 11.1% stalks ([@bib29]).

In many countries, grape marc is considered a biomass waste product and has had a significant impact on the environment owing to the high phenol content that considerably increases both the chemical and biochemical oxygen demands ([@bib27]). Several governmental policies have therefore mandated that wineries must track the use of marc by recording the quantity generated and the method of safe disposal, to avoid environmental problems.

Grape marc is a form of biomass that would typically be considered a by-product for other processes. A few processes employ the fresh marc ([@bib17]), whereas others employ only the soft solids (skins and stalks) or only the seeds. Grape marc is traditionally used to produce grape spirit (ethanol) by means of steam distillation after the fermentation of available sugars ([@bib4]; [@bib26]). In addition, other potential uses were studied, for example for energy as reported by [@bib1], [@bib6], and [@bib14]; for the composting process ([@bib20]); or for animal feed with good results ([@bib2]; [@bib13]), even if [@bib2] highlighted that the incorporation of grape marc into the ruminant diet can reduce digestibility.

Grape marc serves as a good source of phytochemicals (phenolics, pigments, and antioxidants) with potential health benefits ([@bib10]; [@bib12]; [@bib21]).

A few of these phytochemicals, such as anthocyanins and resveratrol, are found in grape skins ([@bib31]; [@bib30]).

[@bib5] studied the potential health benefits of the main polyphenols of grape skin extracts, namely trans-resveratrol, trans-piceid, kaempferol, and quercetin.

In [@bib24], the potential use of grape marc as a feedstock for bioethanol and biogas production was highlighted. [@bib16] investigated grape skins separated from marc for the production of bioethanol. [@bib9] examined the use of fresh marc and grape stalk as feedstock for biomethane production through anaerobic digestion. In this last study, the investigators highlighted the low yield of biogas owing to the presence of seed lignin.

Another important use of marc relates to the oil extracted from the previously separated seeds. As reported in [@bib3], grape seeds consist of approximately 10--20% oil (calculated as the mass of oil extracted from 100 g of dried grape seeds), which is usually extracted using a solvent and refined before use or, more recently, extracted by pressing followed by a solvent.

In Europe, grape marc produced in the wine-making process was mandatorily used in the distilling industry, but [@bib8] and [@bib7] allowed the producers to seek new opportunities for the exploitation of the fresh and also exhausted grape marc. The potential uses of grape marc understandably increase when the fresh grape marc is separated into its two main components: seeds and soft solids (skins and stalks).

Currently, the seeds can be separated by sieving the previously dried marc with horizontal or rotary sieves. Approximately 90% of the seeds are recovered in this manner. However, owing to the oxidation caused by the drying process, the potential uses of the soft solids are limited; for example, the extraction of components with potential health benefits from the soft solids is no longer possible. When the grape seeds are separated by sieving from fresh marc, the yield for seed recovery is less than 40%, thereby undermining the purpose of the separation.

To date, several new de-stoning technologies based on strong centrifugal force have been developed for the separation of stones from fruits. In the food industry, pulper machines are designed for the separation of pulp and pits for most fruits including mangoes, peaches, apricots, and cherries. In the olive oil industry, the de-stoner machine is sometimes used to produce oil from de-stoned olive pastes, as reported by [@bib23], [@bib25], and [@bib11], or used to separate the fragments of olive pits from the pomace as reported by [@bib15].

Although this technology based on centrifugal force is widely used in many fruit processing industries and in the re-use of by-products, the technology is never used for grape seed separation from grape marc and no scientific studies exist that investigate its potential use. A technology that allows, in line with the wine-making process, direct treatment of fresh marc to separate seeds and soft solids would increase their potential uses in sectors such as cosmetics, pharmaceuticals, human nutrition, animal feed, or health. This would increase the profit of wine producers while reducing the environmental problems related to the marc disposal.

The aim of the study was to design and construct a prototype of a centrifugal separator to separate grape seeds from fresh marc after the wine-making process, and to evaluate the effect of the centrifugal separator mechanical components on the separation performance for seeds and soft solids starting with fresh marc. The final goal was to identify the best setting for the blade position and for the rotor speed of the centrifugal separator to maximise the seed yield, to reduce seed breakage, and to get fresh soft solids without seeds.

2. Materials and methods {#sec2}
========================

2.1. Mass balance and moisture of Negroamaro grape marc {#sec2.1}
-------------------------------------------------------

Tests were performed on a 5 kg sample of grape marc obtained from grapes of the Negroamaro variety (medium ripeness) that originated from the Cantina Due Palme S.r.l. winery (Cellino San Marco, BR, Italy) during August to September, 2017.

Grape marc was collected at the end of the red wine process, in particular after the pneumatic pressing phase. During the red wine process, stalks were removed from crushed grapes before the fermentation process. Therefore, the fresh marc used for all the tests was composed of skins and seeds only.

The different components of the marc (skins and seeds) were separated using standard sieves having different holes diameters (Retsch test sieve, Retsch Italia, Verder Scientific S.r.l., Torre Boldone, BG, Italy), followed by hand-separating until perfect separation was achieved.

The moisture content of both fractions was determined according to the analytical method of UNI EN 14774:2009.

2.2. The centrifugal separator {#sec2.2}
------------------------------

The centrifugal separator ([Fig. 1](#fig1){ref-type="fig"}) was assembled by the research team by using the component built by MORI-TEM s.r.l., Tavernelle Val di Pesa (FI, Italy). The machine is made by AISI 304 stainless steel and consists of:•A hopper for marc loading with a feeding screw was driven by a three-phase 0.37 kW electric motor.•A seed separation section ([Fig. 2](#fig2){ref-type="fig"}) consisted of a fixed horizontal cylindrical drum with 2.5 mm holes on the external surface. The drum had a length of 1000 mm and a diameter of 300 mm. Inside the cylinder, a reel had three blades arranged in a 120° configuration. The reel and the outer cylinder had the same length. Each blade was soldered onto the reel with an offset of 1° with respect to the longitudinal axis. This arrangement was used to allow the seeds to advance from the loading section to the unloading section. Each blade was equipped with a secondary adjustable blade screwed onto it, to allow adjustment of the distance between blade and cylinder. The reel was driven by an electric motor having a nominal power of 4 kW.Fig. 2Seeds separation section, (A) cylinder, (B) reel, (C) blades.Fig. 2•A discharge section conveyed the separated seeds.•A collection section for the soft solids had a screw driven by an electric gear motor having a nominal power of 0.37 kW.•A chassis with 4 feet of support equipped with anti-vibration rubbers.•An electrical control panel managed all electric motors and safety systems. All electric motors were controlled by an inverter to allow rotation speed adjustment.Fig. 1Centrifugal separator schemes, (A) hopper for marc loading, (B) gear electric motor connected to the screw, (C) cylinder, (D) reel, (E) blade, (F) electric motor connected to the reel, (G) discharge and conveying section of the seeds, (H) collection section of the soft solids, (I) gear electric motor connected to the screw, (L) electric panel.Fig. 1

The grape marc was uploaded into the hopper and fed into the drum through a cochlea. Once in the drum, the three-blade rotating reel forced the marc to rub on the perforated wall of the drum, pushing the soft solids through the holes. The hole size was such that only soft solids could exit; whereas, the seeds stayed in the drum and were discharged at the opposite end of the feeder. The soft solids exited through the holes in the drum and fell into the collection tank.

2.3. Experimental procedure {#sec2.3}
---------------------------

Seed separation tests with different machine adjustment conditions were performed and the samples of seeds and soft solids were collected.

The separation tests were conducted with the electric motor connected to the reel set at four different frequencies: 25, 30, 35, and 45 Hz, corresponding to rotation speeds of 480, 576, 672, and 864 rpm, respectively.

Two different blades adjustments were evaluated for each rotation speed. A distance of 1.5 mm between blade and cylinder was considered for the first blade adjustment (Type-A blade), whereas a distance of 8.5 mm between blade and cylinder was considered for the second blade adjustment (Type-B blade) ([Fig. 3](#fig3){ref-type="fig"}).Fig. 3Blade adjustment schemes, Dc = 300 mm, Dr~1~ = 291.5mm, Dr~2~ = 298.5mm.Fig. 3

A total of 10 different comparative tests were conducted. Each test was performed at the same mass flow rate of 350 kg·h^−1^ and with a 2.5 h duration.

Type-A and Type-B blade settings were chosen after a dimensional analysis of the grape seeds contained in fresh marc. In particular, the frequency classes (explained in Section [2.4](#sec2.4){ref-type="sec"}) of the major and minor axis lengths of the seeds were determined (data not shown). The analysis indicated that the larger seeds had a last frequency class of the major axis length equal to 7.5 mm and the smaller seeds had a first frequency class of the minor axis length equal to 2.1 mm. Therefore, the Type-A blade (1.5 mm) was set to a distance less than 2.1 mm, assuming that a distance between 7.5 mm and 2.1 mm would lead to the consequent breakage of the seeds owing to their entrapment between blade and cylinder. The Type-B blade (8.5 mm) was set to a distance greater than 7.5 mm. It is important to underline that the 1.5 mm distance was also the minimum tolerance between blade and cylinder.

The experimental tests were performed at the Cantina Due Palme S.r.l. from August to September, 2017.

To evaluate the separation efficiency of the machine, the seeds of each condition considered were subjected to image analysis to determine their area. The frequency distributions of the areas were successively compared with that of the control test obtained by hand-separated seeds. The area distribution of the control test was obtained by analysing the separated seeds.

2.4. Grape seed size distribution and statistical analysis {#sec2.4}
----------------------------------------------------------

A set of 162 digital images of seeds was collected that consisted of 18 images for each rotation speed and blade distance considered and included the control test ((18 + 18) × 4 × 2 images). Digital images were acquired using a colour charge-coupled device (CCD) camera having a spatial resolution of 1024 × 1024 pixels and a colour depth of 24 bits per pixel. The images were processed using the image processing toolbox of MATLAB^®^ (Mathworks Inc., Natik, MA, USA) to obtain the binary image of the seeds. For each image, the number and area of the seeds were calculated. A spatial reference in each image was used to calculate the area in mm^2^. The area data collected from the digital images of the seeds were processed using the statistical toolbox of MATLAB^®^.

The number of the frequency classes was determined using Doane\'s rule ([Eq. 1](#fd1){ref-type="disp-formula"}). Doane\'s rule modifies Sturges\'s rule by adding extra classes depending on the data skewness determined by Pearson\'s coefficient:$$k = 1 + log_{2}N + log_{2}\ \left( {1 + \frac{\sqrt{b_{1}}}{\sigma\sqrt{b_{1}}}} \right)$$where

*k* is the frequency class number;

*N* is the number of samples;

$1 + log_{2}N$ is Sturges\'s rule;

$log_{2}\ \left( {1 + \frac{\sqrt{b_{1}}}{\sigma\sqrt{b_{1}}}} \right)$ is Doane\'s rule;

$\sqrt{b_{1}} = \frac{\text{Σ}\left( {x - \overline{x}} \right)^{3}}{\sqrt{\left\lbrack {\sum^{}\left( {x - \overline{x}} \right)^{2}} \right\rbrack^{3}}}$ is Pearson\'s coefficient of skewness moment; and

$\sigma\ $ is the standard deviation.

A normal fitting model was used to obtain the area distributions ([Eq. (2)](#fd2){ref-type="disp-formula"}) for each data series:$$y = \frac{1}{\sigma\sqrt{2\pi}} \cdot e^{\frac{- {(x - \mu)}^{2}}{2\sigma^{2}}}$$

For each distribution, the mean, mode, sigma, kurtosis, and skewness were calculated. The skewness (*γ*~*1*~) index was calculated as follows:$$\gamma_{i} = \frac{1}{\sigma^{3}}\left\lbrack \frac{\sum\limits_{i}{\left( {x_{i} - \mu} \right)^{3}f_{i}}}{\sum\limits_{i}f_{i}} \right\rbrack$$

For both [Eq. (2)](#fd2){ref-type="disp-formula"} and [Eq. (3)](#fd3){ref-type="disp-formula"}, *μ* is the mean of the distribution, *σ* is the standard deviation, and *f*~*i*~ is the frequency associated with each *x*~*i*~.

The distribution curves were obtained using the distribution fitting toolbox of MATLAB^®^. The goodness of fit of each distribution was determined by fitting the data points with a two-term normal-fitting equation:$$y = a_{1} \cdot e^{- {(\frac{x - b_{1}}{c_{1}})}^{2}} + a_{2} \cdot e^{- {(\frac{x - b_{2}}{c_{2}})}^{2}}$$

All experimental data were analysed with the analysis of variance (ANOVA) and Tukey**\'**s test with *p* **\<** 0.05 using the statistical toolbox of MATLAB^®^.

3. Results and discussion {#sec3}
=========================

3.1. Mass balance of the grape marc and moisture {#sec3.1}
------------------------------------------------

The fresh grape marc, first separated by using standard sieves with different particle size ranges and then separated by hand, was composed of 19.5% skins and 80.5% seeds.

The moisture content was 59.5% for the grape marc, 59.1% for the skins and 49.1% for the seeds. These data were in agreement with those of [@bib29] and [@bib22].

3.2. Evaluation of grape seed size distribution {#sec3.2}
-----------------------------------------------

The centrifugal force to which the grape marc was subjected because of the roller gave different results for seed separation using the two considered distances between shaft and bowl.

The mean distribution fittings of the seed areas, derived for each data series of 18, are provided in Figs. [4](#fig4){ref-type="fig"} and [5](#fig5){ref-type="fig"} for the Type-A blade and Type-B blade, respectively.Fig. 4Density distribution of the area of seeds for the different rotating speed using Type-A blade settings.Fig. 4Fig. 5Density distribution of the area of seeds for the different rotating speed using Type-B blade settings.Fig. 5

The goodness of fit of all curves was better than 95%, as listed in Tables [1](#tbl1){ref-type="table"} and [2](#tbl2){ref-type="table"} for both types of blades.Table 1Goodness of fit for Type-A blades distributions.Table 1Goodness of fitCtrl480 rpm576 rpm672 rpm864 rpmSSE409.80286.10640.00166.40649.11R~2~0.930.920.940.990.98R~2~ adjusted0.910.900.930.990.97RMSE3.058.913.704.5611.39Table 2Goodness of fit for Type-A blades distributions.Table 2Goodness of fitCtrl480 rpm576 rpm672 rpm864 rpmSSE409.8287.477.686.6469.11R~2~0.930.990.990.990.99R~2~ adjusted0.910.980.980.990.97RMSE3.057.583.941.1518.54

To determine the machine efficiency, the distributions were subjected to statistical analysis to identify the speed rotation that led to seeds similar to those belonging to the control test.

[Fig. 4](#fig4){ref-type="fig"} shows that the control test had a typical normal distribution; however, when the machine operated with a Type-A blade configuration, bimodal distributions were obtained for all speeds considered. A bimodal distribution means that a fraction of the seeds was destroyed by the blade and their resulting areas were smaller than those of the intact seeds; because of their reduced area, they passed through the bowl holes and reached the fraction of soft marc. As the bimodal distribution is clearly different from the normal one, the data for the Type-A blade will not be analysed or discussed further. These results show that the Type-A configuration must be excluded regardless of the reel rotation speed, because the small distance between blade and cylinder caused excessive breakage of the seeds under all conditions tested. The machine cannot be used in this configuration.

Considering that the seeds areas are described by a normal distribution, the Type-B blade allows the normal distribution of areas to be maintained during operation at 480, 576 and 678 rpm. The highest speed at 864 rpm determined the boundary beyond which the area distribution became bimodal ([Fig. 5](#fig5){ref-type="fig"}).

To determine the machine efficiency when the Type-B blade was used, the distributions were subjected to statistical analysis to identify the speed rotation leading to seeds similar to those of the control test. The parameters of the distributions are listed in [Table 3](#tbl3){ref-type="table"}. The trial conducted at 480 rpm is described by a normal distribution statistically equal to that of the control. In fact, mean, mode, mode frequency, sigma, kurtosis, and skewness are statistically equal at a *p*-level of 0.05. Rotation speeds of 576 and 672 rpm generated seeds that also had a normal distribution; however, the results are statistically different from those of the control and the 480 rpm tests. This suggests that the higher the rotation speed, the more the area distributions tend to move to the left. In fact, the mode value and the mode frequency decrease when shifting from the control test to the 672 rpm tests. In addition, the kurtosis value decreases when the rotation speed increases. Concerning the skewness, the control, 480 rpm, and 576 rpm data are described by left-skewed normal distributions. In contrast, the 672 rpm tests are described by a right-skewed normal distribution. This situation indicates that 672 rpm represents a rotation speed that changes the seed separation capability. When the rotation speed is increased to 842 rpm, the area distribution becomes bimodal, no longer described by a normal distribution. This indicates a disruption in a fraction of seeds.Table 3Distribution parameters for Type-A blade data.Table 3Parameterctrl480 rpm576 rpm672 rpm864 rpmmean (mm)14.41 ± 0.23 *a*14.32 ± 0.37 *a*13.10 ± 0.48 *b*11.67 ± 0.63 *c*9.45\* ± 0.41 *d*mode (mm)14.40 ± 0.21 *a*14.41 ± 0.23 *a*13.22 ± 0.39 *b*11.71 ± 0.51 *c*12.93\* ± 0.71 *bc*mode frequency (%)9.98 ± 0.64 *a*10.63 ± 0.58 *a*6.53 ± 0.33 *b*6.43 ± 0.18 *b*5.77\* ± 0.22 *c*σ (mm)3.99 ± 0.43 *a*3.75 ± 0.14 *a*6.11 ± 0.64 *b*6.21 ± 0.47 *b*-kurtosis2.90 ± 0.22 *b*3.42 ± 0.44 *b*2.89 ± 0.32 *c*6.20 ± 2.50 *a*-skewness-0.55 ± 0.09 *b*-0.69 ± 0.05 *b*-0.62 ± 0.07 *b*0.37 ± 0.40 *a*-[^1][^2]

Use of the type-B blade demonstrated that, by appropriate adjustment of the reel rotation, an optimal rotation speed could be identified. In this case, the optimal rotation speed was 480 rpm.

In Figs. [6](#fig6){ref-type="fig"}a, 6b, 6c, and 6d, comparisons of fitting distributions between Type-A and Type-B blades for each reel rotation speed are shown. For all four rotation speeds, when the distance between the blade and cylinder is small, the quantity of broken grape seeds increases. In fact, all fittings have small-size fractions in percentages greater than those obtained by increasing the distance between blade and cylinder.Fig. 6Comparison of density distribution of the area of seeds obtained by Type-A and Type-B blade settings at: a) 480 rpm; b) 576 rpm; c) 672 rpm; d) 864 rpm.Fig. 6

Considering the analysis of the data, seed separation was more efficient when the Type-B blade were used compared with the Type-A blades that led to bimodal distributions for all speeds considered.

In addition, the Type-B blade at 480 rpm resulted in the best combination for a good seed separation without the contamination of soft marc by broken seeds.

Finally, [Fig. 7](#fig7){ref-type="fig"} shows the grape seeds of the control test and the seeds obtained by using the machines with Type-B blades at four different reel rotation speeds.Fig. 7Comparison of seeds of the control (a) and the seeds obtained by Type- B blade settings at: b) 480 rpm; c) 576 rpm; d) 672 rpm; e) 864 rpm.Fig. 7

The seeds obtained at a reel rotation speed of 480 rpm ([Fig. 7](#fig7){ref-type="fig"}b) are similar in appearance to the seeds obtained in the control test ([Fig. 7](#fig7){ref-type="fig"}a). In all the other cases, shown in Figs. [7](#fig7){ref-type="fig"}c, 7d, and 7e, seeds appear partially damaged or partially broken; the images confirm the data statistically detected.

Although only one optimal condition was identified (Type-B blade at 480 rpm), the results show that seeds and soft solids could be separated from fresh marc using a centrifugal separator. This result is only a first step in solving the problem. Starting from this step, new prototypes more efficient than the present one could be developed to improve the separation in a quantitative and qualitative manner.

4. Conclusions {#sec4}
==============

The separation by centrifugation of grape seeds from fresh marc was possible with the adequate design and regulation of a customised machine.

The study showed the development of an adequate centrifugal separator composed mainly of a perforated cylinder and a reel, and demonstrated that efficient separation the seeds and the soft solids from the fresh marc is possible by adequately adjusting the speed rotation and the distance between the blade and cylinder.

The development of this type of technology will allow the separation to occur directly in the winery in line with the wine production process, and will allow total separation of seeds and soft solids from which components with potential health benefits can be extracted without compromising their health value.

The use of this technology will increase the potential uses of fresh marc. However, future research for a more careful design of the machine (reel and cylinder) is essential to improve separation performance.
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[^1]: Data are represented as mean value ± standard deviation.

[^2]: Different letters on the same row indicate significant differences (p \< 0.05).
